Nanodroplets sitting on substrates in an open system are usually assumed to be thermodynamically unstable, and will eventually either evaporate or grow. However, as a counterpart of nanodroplets, nanobubbles located at solid-liquid interface were recently demonstrated by numerous experiments to be unexpectedly stable. The accumulated evidence for the existence of stable nanobubbles poses a question of whether nanodroplets are stable. In this work we revisit the stability of nanodroplets upon smooth and rough substrates, concentrating on their evaporation dynamics. On smooth substrates, the droplets evaporate generally in constant contact angle (CCA) mode, with a contact angle non-monotonously depending on fluid-substrate interaction. While on rough substrates, the droplets evaporate in constant contact line (CCL) mode or CCL-CCA mixed mode. Our results indeed predict the existence of stable nanodroplets on rough substrates: In situations that contact line is pinned and vapor is supersaturated but at a low level of supersaturation, nanodroplets are found to be anomalously stable. The stability of nanodroplets can be interpreted within the framework of the classical nucleation theory. * zhangxr@mail.buct.edu.cn 2
I. Introduction
A sessile liquid droplet in an open system is expected to be thermodynamically unstable, and will eventually either evaporate under undersaturation or grow under supersaturation. The evaporation dynamics of droplets upon substrates, which is related to the wetting properties of the substrates [1] [2] , is of technological importance for coating, printing, electronic cooling, and other applications [3] [4] [5] [6] [7] .
A more fundamental question is the stability of nanodroplets. A simple thermodynamics consideration using the Young-Laplace equation shows that, if nanodroplets are of a curvature radius in the nanometer range, the high internal pressures will lead to their rapid evaporation. However, as a counterpart of nanodroplets, nanobubbles located at solid-liquid interface were recently demonstrated by numerous experiments to be unexpectedly stable [8] [9] [10] [11] [12] .
Nanobubbles, although they appear to be forbidden by the high internal Laplace pressure, are commonly found on hydrophobic solid surfaces in solution opened to the air, and their lifetime is at least of the order of hours or days [13] [14] [15] . The accumulated evidence for the existence of stable nanobubbles, therefore, poses a question of whether nanodroplets are stable.
Inspired by the existence of stable nanobubbles, in this work we revisit the stability of nanodroplets upon smooth and rough substrates from aspect of evaporation dynamics. After the pioneering work on the coffee ring effect [16] , the mechanisms of droplet or solution evaporation have been extensively studied, both experimentally and theoretically [17] [18] [19] [20] [21] [22] [23] . Most of these studies dealt with the evaporation dynamics for large droplets sitting on substrates, with the size of at least several micrometers. Evaporating large droplets are found to exhibit different evaporation modes [24] [25] [26] [27] [28] such as constant contact angle mode (CCA mode) with a shrinking contact line, constant contact line mode (CCL mode) with a decreasing contact angle, and mixed mode with a CCL-CCA transition. For droplets in the nanoscale, however, evaporation dynamics is difficult to investigate experimentally owing to the real-time and spatial resolution limitations of monitoring techniques.
More complicatedly, the intermolecular forces between solid and fluid would influence the shape of nanodroplets near the three-phase contact line, and the nanoscale roughness of substrates inevitably affect the shrink and the spread of contact line. As a result, the evaporation dynamics may change for droplets with a size down to the nanoscale, and thus affects the droplet stability.
In this work, we investigate the evaporation dynamics of nanodroplets sitting on smooth and rough substrates, respectively, using the kinetic lattice density functional theory (KLDFT) [29] [30] [31] . Different evaporation modes are observed on different substrates here. For nanodroplets upon smooth substrates, generally, they evaporate in CCA mode but with a contact angle non-monotonously depending on fluid-substrate interaction. While for nanodroplets upon rough substrates, they evaporate in CCL mode or CCL-CCA mixed mode, and in general disappear ultimately. However, if the droplets are exposed to a suitable vapor supersaturation and triple contact lines are pinned, nanodroplets would become stable.
II. Method
A. Kinetic lattice density functional theory (KLDFT)
The method of KLDFT within the framework of mean field theory used in this work follows that of Monson [29] . The method has been successfully used to model fluid diffusion in confined spaces [29, 31] , the repture of liquid bridges [30] , and the stability of nanobubbles [32] . The theory gives an approximation to the time evolution of the density distribution averaged over an ensemble of configurations in lattice gas model. The local density ρ i (t) at site i and time t can be written as
where
is the probability of observing an occupancy configuration { } n at time t . The evolution equation for the local density can be expressed as
where J ij (t) is the net flux from site i to site j . In a mean field approximation [29] ,
where w ij is the transition probability for transitions from site i to site j. Thus Eq. (2) can be written as [29] [ we conclude that the strong attraction from the substrates alone can not stabilize the nanodroplets, even though ε sf is increase to 1.3.
We also performed flow field analysis for the evaporation processes corresponding to different ε sf , and interface (see the black dashed line in Fig. 3 ) is nonuniform. Roughly speaking, when the contact angle is lower than π/2 (namely, ε sf >0.5), the flux gradually increases from the top of the droplet to the triple contact line [16, 33] . When the contact angle is greater than π/2, however, evaporation flux along the vapor-liquid surface approximately has the same value (Fig. 3) , in a good agreement with theoretical results [33] .
Besides, the nonuniform evaporation flux induces the internal flow during evaporation process. For droplets with a contact angle larger than π/2, the fluid inside the droplets flows from the contact line to the center of droplet [see Fig. 3 The flow field analysis in Fig. 3 (c) also gives the detail evaporation dynamics for the droplet with ε sf =1.1. Within the droplet, the flow field is the same as that of droplets for ε sf =0.7 and 1.3. However, within the monolayer film, the flow direction is almost parallel to the substrate surface, which indicates that the fluid inside the film evaporates mainly at the film edge, rather than the vapor-liquid interface. As shown in Fig.1(c) , the film lasts for a time of ~1000w 0 after the disappearance of the upper droplet, which results in a longer droplet lifetime (see Fig. 2 ).
B. Evaporating droplets on rough substrates
For a real substrate, there exist different types of roughness at the nanometer scale. Now we study how the nanoscale roughness influences the evaporating modes, and to simplify the question, a geometric, ring-patterned roughness is introduced to coat the flat substrate [see Fig. (4) ]. This kind of patterned roughness has been successfully employed to illustrate the stability of nanobubbles [32] . Here we considered two saturation levels: one is set to RH=70% as above and the other is set to RH=102% , which is slightly supersaturated but insufficient to induce the growth of nanodroplets. ε sf is set to 0.3 and 0.7, respectively, corresponding to the hydrophobic and hydrophilic substrates.
The time evolution of droplet volume is shown in Fig. 4 (e), which indicates that most nanodroplets keep evaporating and ultimately disappear. In the case of RH=70%
and ε sf =0. indicates that as RH increases from 70% to 102%, the evaporation flow rate through the vapor-liquid interface slows down considerably.
It is surprising that in the case of RH=102% and ε sf =0.7, the droplet volume remains unchanged after an initially rapid evaporation This observation is reminiscent of the substrate chemistry independence of nanobubble contact angle [9, 12, 32] , and again demonstrates the similarity between the stability of nanobubbles and that of nanodroplets.
The stability of the nanodroplet in the case of RH=102% and ε sf =0.7 is confirmed by the zero evaporation rate on the liquid-vapor interface [ Fig. 5(b) ], which demonstrates that the liquid-vapor interface reaches to equilibrate. This observation indicates that the nanodroplet is a part of a critical nucleus. If and only if the nanodroplet is a critical nucleus or a part of a critical nucleus for which the fluid molecules condensing onto the droplet are exactly balanced by those evaporating from it, the net evaporation rate is zero [ Fig. 5(b) ]. Moreover, the abnormal stability and relatively smaller contact angle indicate that the nanodroplet is not a critical nucleus for heterogeneous nucleation. Instead, the nanodroplet is identified as a part of the critical nucleus for homogeneous nucleation. Although the equilibrium between a critical nucleus for homogeneous nucleation and its surrounding vapor is an unstable one, but, if contact line is pinned, the nucleus becomes stable, as explained below.
In our previous work [32] , we have proved that the pinning effects can induce nanobubble stability. In the case of nanodroplets, similarly, the roughness of substrates provides pinning force on three-phase contact line and causes the contact line pinning. Figure 6 gives the mechanism of how nanodroplets are stabilized. The classical nucleation theory (CNT) suggests that the free energy cost for the formation of a droplet in the bulk phase includes two terms, cost from Δp, which tends to make the droplet grow, is balanced by that from γ lv , which makes the droplet shrink.
As shown in Fig. 6(a) , the equilibrium droplet on substrates without contact line pinning has two destinies: if the droplet initially grows, the droplet radius will increase because the droplet tends to keep its contact angle constant. Thus, 2γ lv /R decreases and Δp>2γ lv /R, and the droplet would keep growing and finally results in the vapor-to-liquid phase transition. If the droplet initially shrinks, the droplet radius will decrease and 2γ lv /R increases. Hence, Δp<2γ lv /R, and the droplet will keep shrinking and thus induce the disappearance of the nanodroplet. As a result, this positive feedback mechanism can rapidly lead to growth or disappearance of the small droplet. Therefore, nanodroplets are not stable if no contact line pinning is imposed by the substrates. However, the situation is different for an equilibrium nanodroplet with contact line pinning [see Fig. 6(b) ]. Note that the line tension may contribute substantially to the free energy of the nanodroplet [35] , Ω , but it does not affect ΔΩ under the condition of contact line pinning. This is because the resultant force of the lateral forces on the contact line must be zero for a static contact line. If the droplet grows, the droplet radius will decrease because the contact line cannot move, and 2γ lv /R increases accordingly. Thus, Δp<2γ lv /R, and the droplet will shrink to the equilibrium state. If, on the other hand, the droplet shrinks, the droplet radius will increase, and thus Δp>2γ lv /R, leading to the growth of the droplet. It is the negative feedback mechanism caused by the contact line pinning that prevents the nanodroplet from shrinking and growing, thus stabilizes the nanodroplet.
In general, stable nanodroplets were predicted from our calculations under the conditions of low vapor supersaturation and contact line pinning. The flow field analysis shows a zero evaporation rate for the stable nanodroplets on the liquid-vapor interface, indicating that the nanodroplets are part of critical nuclei of homogeneous nucleation. The stability of nanodroplet can be interpreted within the frame work of CNT, and a negative feedback mechanism caused by contact line pinning and supersaturated vapor environment is proposed in this work.
.Conclusion A liquid droplet sitting on substrate in an open system is usually assumed to be thermodynamically unstable, and will eventually either evaporate or grow. However, the accumulated evidence for the existence of stable nanobubble, the counterpart of nanodroplet, poses a question of whether nanodroplets are stable. From aspect of evaporation dynamics, in this work we revisit the stability of nanodroplets upon smooth and rough substrates, using kinetic lattice density theory (KLDFT) method.
On smooth substrates, the droplets was found to evaporate generally in constant contact angle (CCA) mode, with a contact angle non-monotonously depending on fluid-substrate interaction. For smooth substrates with a strong fluid-substrate attraction, a monolayer liquid film on which the droplet sits is formed, affecting the contact angle and the evaporation dynamics. The liquid monolayer usually evaporates differently: It evaporates much more slowly than the droplet sitting on or keeps stable during the evaporation process.
While on rough substrates, the droplets evaporate in constant contact line (CCL) mode or CCL-CCA mixed mode. The reason for existence of a CCL stage is the local pinning force at the triple contact line induced by nanoscale roughness or chemical heterogeneity [32] . In an evaporating process, if a pinning/depinning transition occurs, the nanodroplet evaporates in the mixed mode with a CCL-CCA transition. Otherwise, it evaporates in the CCL mode.
Interestingly, stable nanodroplets sitting on rough substrates were found from our calculations if vapor environment is weakly supersaturated and contact line is pinned.
For those stable nanodroplets, the equilibrium nature of vapor-liquid interface indicates that the nanodroplets are part of a critical nucleus of homogeneous nucleation. Furthermore, the unstable nucleus with equilibrium vapor-liquid interface is stabilized by the contact line pinning. The stability of nanodroplet can be interpreted within the frame work of classical nucleation theory, and a negative feedback mechanism caused by contact line pinning is proposed in this work.
Our prediction on the existence of stable nanodroplets can be tested in future experiments and simulations. Our model gives the prerequisites for the existence of stable nanodroplets, i.e., contact line pinning caused by physically rough and/or chemically heterogeneous substrates and supersaturated vapor at a low level of supersaturation. Experiment techniques on the formation of stable nanobubbles may also be helpful to produce stable nanodroplets: solvent exchange technique to establish a supersaturated environment [8] and substrates to produce contact line pinning effect [36] . As is well known, surfaces with regularly spaced roughness can be fabricated in the nanometer to micrometer range, thus permitting control over the size scale of the tiny droplets. This has important technological implications for creating well-defined nanodroplets. On a more fundamental level, our prediction of stable nanodroplets uncovers a rich phase behavior for fluids on the rough surfaces, and enhances our understanding of wetting properties of substrates and the long-ranged interaction between two neighboring substrates. 
